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1. Introduction {#s0005}
===============

Hip fracture has become a common health problem among the elderly, as it has resulted in an increasingly large number of morbidity and mortality, as well as high medical care costs ([@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040]). The number of hip fractures worldwide is estimated to rise from 1.7 million in 1990 to 6.3 million in 2050 ([@bb0015]). In Canada, over 30,000 hip fractures occur each year, mostly in the elderly over the age of 65 ([@bb0045]). Clinical studies have shown that the majority of hip fractures occurred at one of the three locations, the femoral neck (37%), the trochanter region (49%) and the femoral shaft (14%) ([@bb0050]). Low-trauma event and osteoporosis have been identified as the two main causes of hip fractures ([@bb0055]). One typical scenario of low-trauma event is a fall from a standing height that would not cause any severe injury to a healthy individual. Osteoporosis is a bone disease characterized by reduced bone strength and increased bone fragility. Osteoporosis is a so-called 'silent' disease, as it may not have noticeable symptom until the first bone fracture. Therefore, a reliable and accurate tool for diagnosing osteoporosis and for assessing fracture risk is crucial to initialize an appropriate intervention, for example the use of anti-osteoporosis drugs or physical therapies, to improve bone quality and to prevent bone fracture. Areal (or projected) bone mineral density (aBMD) extracted from the subject\'s hip DXA is presently the gold standard for screening osteoporosis ([@bb0060]). FRAX (Fracture Risk Assessment Tool) is another tool available for predicting 10-year fracture probability ([@bb0065]). The tools have been demonstrated as very valuable in studying the epidemiology of osteoporosis ([@bb0070], [@bb0075], [@bb0080], [@bb0085]). But they have limited accuracy in predicting fracture risk in individual patients ([@bb0070], [@bb0090], [@bb0095], [@bb0100]). Finite element analysis (FEA) has been a powerful and popular tool for solving various engineering problems. Finite element analysis of hip fracture based on medical images is a promising tool to improve prediction of fracture risk in individuals ([@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0170], [@bb0125], [@bb0210], [@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0195], [@bb0165], [@bb0175], [@bb0180], [@bb0185], [@bb0190], [@bb0200], [@bb0205], [@bb0215]). Hip fracture is resulted by the applied force exceeding its strength. Therefore, whether or not a hip fracture would occur is jointly determined by a number of factors, including bone mechanical properties, bone geometry and the applied force. These factors have not been properly considered in the current clinical tools. FEA is able to integrate all factors affecting bone fracture based on the well-established mechanical principles and governing equations. However, FEA has not been adopted into routine clinical procedure mainly due to its technical complexities. A lengthy training is usually required for a clinician to effectively use FEA software. The objective of this study is to develop a reliable hip fracture risk predictor that has the same or similar accuracy as FEA, but can be easily implemented and adopted into clinic.

2. Materials and methods {#s0010}
========================

The femur bone is composed of two compartments, the cortical bone and the trabecular bone, with cortical bone making up more than 80% of the mass ([@bb0220]). The cortical bone determines the strength of the femur bone and thus its fracture risk. The cortical bone withstands much greater load than the trabecular bone ([@bb0225]), and it is the main part in resisting axial force. In addition, the cortical bone is formed as a shell around the trabecular bone. This structural arrangement also makes the cortical bone bear the major portion of bending moment acting on the femur. Therefore, it is rational to develop a risk predictor based on cortical bone quality in the femur. Femur bone strength can be evaluated by its cortical thickness together with the bone mineral density, as the two parameters determine the axial and the bending resistant capacity of the femur. However, the thickness of femur cortical bone is not uniform along either the longitudinal or the circumferential direction; it is best measured by a three-dimensional imaging modality, for example, the quantitative computed tomography (QCT) ([@bb0230]). Unfortunately, QCT has not been adopted into the routine clinical procedure due to its high cost and radiation dose. In the following, we will develop a method to estimate cortical bone thickness based on DXA image. As DXA is routinely used in osteoporosis screening and monitoring, the developed method would have wider applications in clinic if it is successful. The challenge is that the mineral density information captured in a DXA image is an amalgam of contributions from both of the trabecular and the cortical bone, projected along the X-ray direction. The very first question would be: is it possible to measure cortical bone thickness from a single-view DXA image? Fortunately, a useful feature observed from the projected bone density profile provided a solution. The feature was observed with the aid of the QCT Pro software, a medical image processing tool developed by Mindways Software Inc., Austin, USA. QCT Pro can project three-dimensional QCT scans into CTXA, a two-dimensional image that is equivalent to clinical DXA ([@bb0235]). The useful feature is illustrated in [Fig. 1](#f0005){ref-type="fig"} by a typical clinical case obtained from the Great-West Life PET/CT Center, Winnipeg, Canada.

[Fig. 1](#f0005){ref-type="fig"}(a) shows the CTXA generated from the clinical QCT scans by the QCT Pro software. Consider the three critical cross-sections at, respectively, the narrowest femoral neck (AB), the intertrochanter (CD) and the femoral shaft (EF), the femur cross-sections and the corresponding aBMD profiles are plotted in [Fig. 1](#f0005){ref-type="fig"}(b), (c) and (d). The femur cross-sections were dissected from the QCT scans using the QCT Pro software; the aBMD profiles were generated from the CTXA image using in-house developed MATLAB codes. It can be observed from the aBMD profiles, for each cross-section there exist two distinct peaks, each at the medial (inferior) and the lateral (superior) side respectively; the peaks are exactly located at the projection line of the inner surfaces of the cortical bone. These peaks can be easily identified as they are usually much higher than their neighbors. The thicknesses of the cortical bone at the medial and the lateral side can be determined by using the two peaks, the starting point and the ending point of the aBMD profile, as illustrated in [Fig. 1](#f0005){ref-type="fig"}(b), (c) and (d).

The above observed feature is not a coincidence. It is a common feature in the projection of any round composite cross-section with two densities. The feature can be easily verified by projecting the composite circular cross-section in [Fig. 2](#f0010){ref-type="fig"} and then obtaining its aBMD profile. For simplicity, the cortical bone and the trabecular bone have been assigned constant densities. The aBMD profile can be easily obtained by calculating the lengths of the projection lines through the cross-section and then multiplying them by the corresponding density. The obtained aBMD profile is shown at the bottom of [Fig. 2](#f0010){ref-type="fig"}.

There also exist two distinct peaks in the aBMD profile as shown in [Fig. 2](#f0010){ref-type="fig"}, but their shapes are not as smooth and round as those in [Fig. 1](#f0005){ref-type="fig"}. The reason is that there is a jump between the densities in the composite cross-section, while the transition between cortical and trabecular compartment in real bone is gradual and smoother.

Based on the above feature, we developed an algorithm to determine femur cortical bone thicknesses from clinical hip DXA. The algorithm was implemented in MATLAB codes. The MATLAB codes mainly have the following functions: 1) to automatically locate the three cross-sections (as shown in [Fig. 1](#f0005){ref-type="fig"}) based on provided location definitions; 2) to extract aBMD profiles over the three cross-sections; 3) for each of the aBMD profiles, to automatically identify the two distinct peaks; and 4) to determine the cortical bone thicknesses on the medial and the lateral side of the three cross-sections. The algorithm was validated using the Bone Investigation Toolkit (BIT) included in the QCT Pro software. Femur QCT scans of 40 patients were obtained from the Great-West Life PET/CT Center located at Winnipeg, Canada. For each patient, the QCT scans were projected into a CTXA image; then, the cortical bone thicknesses were determined using the MATLAB codes. The above obtained thicknesses were compared with those determined by the BIT software. In the BIT software, femur cortical thickness is determined by the following steps. First, a threshold is selected to separate the cortical bone and the trabecular bone. In our study, a threshold of 450 mg/cm^3^ was used based on the suggestions provided in the BIT users\' manual and in the literature ([@bb0135]); then, the cross-section is equally divided into eight sectors (see [Fig. 3](#f0015){ref-type="fig"}). For each sector an average thickness is determined. A sample BIT analysis report is provided in [Fig. 4](#f0020){ref-type="fig"}, where cortical bone thicknesses of the eight sectors at the intertrochanteric cross-section are listed. If the patient is properly positioned by following the clinical guidelines, Sector 3 in [Fig. 3](#f0015){ref-type="fig"} roughly corresponds to the lateral/superior side, while Sector 7 approximately relates to the medial/inferior side of the femur.

Limited by the two-dimensional feature of CTXA or DXA image, cortical thickness can only be estimated at the medial side and the lateral side. However, the lateral/medial cortical thicknesses are useful in evaluating hip fracture risk. Sideways (or lateral) fall has been identified as the most critical situation for old people to develop hip fracture ([@bb0240], [@bb0245]), as the hip is covered with very little soft tissue. In a sideways fall, the bending loading is applied in the coronal plane; therefore, a crack is usually initiated from either the medial or the lateral side of the femur. A thicker cortical bone at the locations would provide larger resistance to crack initiation. However, cortical bone thickness alone cannot predict hip fracture accurately, as hip fracture is also affected by other factors, for example, the geometric and physical parameters of the human body. A number of hip fracture risk factors have been identified in the previous studies ([@bb0230], [@bb0250], [@bb0255], [@bb0260], [@bb0265]). From the mechanical point of view, they mainly include the cortical bone thickness (CBT), aBMD, femoral neck axial length (FNAL), neck-shaft angle (*α*), body weight and height, or body mass index (BMI). We studied how these risk factors affect hip fracture using the subject-specific DXA-based finite element analysis (FEA) ([@bb0125], [@bb0210]). The procedure of DXA-based FEA is illustrated in [Fig. 5](#f0025){ref-type="fig"} and briefly described in the following. For more detailed information, the readers are referred to references ([@bb0125], [@bb0210]).

The procedure starts with a hip DXA of the concerned patient. The proximal femur is segmented from the DXA and used in generation of the finite element mesh. Bone mechanical properties are assigned to the finite element model using empirical functions that relate bone elasticity modulus and yield stress to bone areal BMD ([@bb0215]). Loading and constraint conditions simulating a sideways fall are applied to the finite element model. Stress fields over the femur are obtained by finite element analysis. Fracture risk indices (*η~ROI~*) over the three regions of interest (ROI) are calculated based on the definition given in Eq. [(1)](#fo0005){ref-type="disp-formula"}$$\eta_{ROI} = \frac{\sum_{i = 1}^{N}\left. \int{}_{A_{i}} \right.\frac{\sigma_{\mathit{eff}}}{\sigma_{Y}}dA}{\sum_{i = 1}^{N}A_{i}}\text{.}$$

In the above equation, *η~ROI~* is the fracture risk index over an ROI, for example, the femoral neck, intertrochanteric region, proximal shaft, as shown in [Fig. 5](#f0025){ref-type="fig"}(e). *A~i~* (*i* = 1, 2, ..., *N*) are the areas of the finite elements encompassed in the ROI. *σ~eff~* and *σ~Y~* are, respectively, the von Mises stress and the yield stress at the Gaussian points in element *i*. Bone yield stress has been used as a failure criterion as the human proximal femur behaves linearly elastic up to failure under physiological loading conditions ([@bb0270]). Although bone is a typical anisotropic material, DXA is inherently two-dimensional and the information required for constructing anisotropic finite element model is not available from DXA. However, Buijs et al. ([@bb0215]) have demonstrated that bone strengths predicted by DXA-based FE model have good correlation with experiment results.

To investigate the possibility and effectiveness of using femur cortical bone thickness (CBT) as a predictor of hip fracture risk, 210 clinical cases were acquired from the Manitoba Bone Mineral Density Database in an anonymous way under a human research ethics approval. All the subjects were scanned using Lunar Prodigy DXA scanner with a standard mode (37.0 μGy). Each DXA image was converted and saved in a MATLAB mat-file. For each case, the acquired information includes a DXA image, the subject\'s age, body height, weight, and aBMD over the ROIs. The statistics of the clinical cases are provided in [Table 1](#t0005){ref-type="table"}. The clinical cases consist of 60 hip fracture cases and 150 non-fracture ones. In 30 of the non-fracture cases, each has an initial and a repeat DXA that were scanned from the same subject within several days; In these cases one should expect no change in the fracture risk.

Correlations between HFRI and the fracture risk factors were first studied. For each case, a finite element model was constructed by the previously described procedure. Fracture risk indices were calculated. Femur geometric parameters such as the narrowest femoral neck width and the femoral neck axial length were extracted from the DXA images using in-house developed MATLAB codes. Correlations between HFRI and the risk factors were then investigated using SPSS software (IBM SPSS 22, New York, USA). From the results we found that among all the factors, HFRI has the strongest correlation with CBT; HFRI is positively correlated to the neck-shaft angle (*α*), the cortical bone thickness (CBT) and the areal bone mineral density (aBMD), and negatively correlated to the femoral neck axial length (FNAL) and body mass index (BMI). These findings suggested that an effective predictor of hip fracture should be constructed with CBT as the main player. Therefore, we proposed the following normalized cortical bone thickness (NCBT) as a new predictor of hip fracture risk$${NCBT} = \ \frac{CBT \times {aBMD}}{\alpha \times {FNAL} \times BMI}\ \text{.}$$

It should be noted that NCBT is a dimensionless parameter. The numerator is the product of cortical thickness and areal BMD, approximately representing the strength of the cortical bone at the concerned location. The denominator is a combination of the femur geometry and the body anthropometry, roughly representing the femoral geometry and the loading condition in a sideways fall. It is hypothesized that if a stronger correlation exists between HFRI and NCBT than any of the single risk factors, NCBT can be used as a better predictor of hip fracture risk.

The overall discriminative values of aBMD, CBT and HFRI for hip fracture, measured by the area under the Receiver Operating Characteristic (ROC) curve (AUC) with 95% of confidence interval (95% CI) ([@bb0275]), were also calculated using SPSS. The short-term repeatability of aBMD, CBT and HFRI, measured by the coefficient of variation (CV, %) ([@bb0210], [@bb0280]), were studied using the 30 pairs of clinical DXA.

3. Results {#s0015}
==========

The difference between CTXA and QCT derived cortical thickness is measured by the following relative error$$e = \frac{\left| {t_{\mathit{CTXA}} - t_{QCT}} \right|}{t_{QCT}}$$where *t~CTXA~* and *t~QCT~* denote, respectively, CTXA and QCT derived cortical thickness. The average relative errors are listed in [Table 2](#t0010){ref-type="table"}. Bland--Altman plot of CTXA and QCT measured cortical thicknesses is displayed in [Fig. 6](#f0030){ref-type="fig"}. Correlation between the CTXA and QCT derived CBT is displayed in [Fig. 7](#f0035){ref-type="fig"}. Correlations between HFRI and single risk factors are presented in [Table 3](#t0015){ref-type="table"}, where a negative sign indicates a negative correlation. Correlations between HFRI and NCBT at the medial side and lateral side of the three critical cross-sections are provided in [Table 4](#t0020){ref-type="table"}. The overall discriminative values of aBMD, NCBT and HFRI, expressed as AUC (95% CI), are presented in [Table 5](#t0025){ref-type="table"}. Mean values of aBMD, CBT, NCBT and HFRI in the cases and controls are listed in [Table 6](#t0030){ref-type="table"}. The relative difference in the table is defined as the ratio of the difference between the means (of the cases and the controls) to their average. The relative difference indicates the overall ability of the parameters in distinguishing cases from controls. Short-term variations of aBMD, NCBT and HFRI measured by CV (%) are given in [Table 7](#t0035){ref-type="table"}, [Table 8](#t0040){ref-type="table"}, [Table 9](#t0045){ref-type="table"}.

4. Discussions {#s0020}
==============

The relative errors shown in [Table 2](#t0010){ref-type="table"} and [Fig. 6](#f0030){ref-type="fig"} are in an acceptable scope but not trivial. Differences between the CTXA and QCT derived thicknesses may have been introduced from a number of sources in the described method. The segmentation thresholds used in separating the proximal femur from the surroundings in both CTXA and QCT may have introduced nontrivial differences. The selection of a proper segmentation threshold depends on a number of factors, for example, scanner settings and noises, which may introduce either systematic or random errors. The use of a slightly different threshold in the CTXA segmentation would shift the contour of the femur, which would change the locations of the starting point and ending point of the three cross-sections, see [Fig. 1](#f0005){ref-type="fig"}(a), and thus affect the cortical bone thicknesses. Similarly, a different segmentation threshold selected in the BIT toolkit may have affected the cortical bone thicknesses derived from QCT. In addition, the CBTs determined by the BIT software are average thicknesses of the eight sectors, while the CBTs determined from CTXA are the thicknesses along the radiant ray in the medial--lateral direction. As the cortical thickness is not uniform along the circumferential direction, theoretically there exists a certain difference between them. However, the strong correlation \[*r*^2^ = 0.98 (*p* \< 0.001)\] shown in [Fig. 7](#f0035){ref-type="fig"} and the Bland--Altman plot in [Fig. 6](#f0030){ref-type="fig"} indicate that the differences between the CTXA and QCT derived thicknesses are dominated by systematic or procedural errors, which can be partially corrected by calibration.

As hip fracture risk indicators, one fundamental difference between aBMD and HFRI is that, HFRI is a compound indicator that has integrated effects from all the single indicators including aBMD. Therefore, to investigate the effectiveness of the proposed NCBT in predicting hip fracture, hip fracture risk measurements derived from subject-specific DXA-based finite element models have been used as a baseline for comparison. Extensive researches reported in the literature, for example references ([@bb0105], [@bb0110], [@bb0115], [@bb0120], [@bb0170], [@bb0125], [@bb0210], [@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0195], [@bb0165], [@bb0175], [@bb0180], [@bb0185], [@bb0190], [@bb0200], [@bb0205], [@bb0215]) among many others, have demonstrated that subject-specific finite element modeling can better predict hip fracture risk than aBMD. By their independent research work, [@bb0200], [@bb0175] and [@bb0105] have reported that femur fracture loads predicted by subject-specific QCT-based finite element models are closely correlated with in-vitro experimental results, with a coefficient of determination *r*^2^ \> 80% (*p* \< 0.001), which is much higher than volumetric BMD, *r*^2^ = 54.5%. Although DXA-based finite element models ([@bb0125], [@bb0210], [@bb0185], [@bb0215]) are inherently two-dimensional, femur stiffness and strengths predicted by the models are also correlated with experimental data much better than aBMD alone ([@bb0215]). That subject-specific finite element modeling is able to more accurately predict fracture risk has its theoretical base. Bone fracture occurs only if the applied load exceeds the strength of the bone. Hip fracture is jointly governed by a number of factors including the subject\'s body weight/height, bone quality and bone geometry. BMD only represents bone quality. The other factors are missing from the BMD-based fracture risk assessment methods. This explains why BMD alone cannot predict fracture risk accurately. Finite element modeling is able to consider all the mechanical factors affecting hip fracture based on the well-established mechanical equations. Therefore, HFRI derived from DXA-based FE model has much higher accuracy in discriminating clinic hip fractures than BMD alone, as demonstrated by the results in [Table 5](#t0025){ref-type="table"}, [Table 6](#t0030){ref-type="table"}. However, the accuracy and effectiveness of finite element modeling in assessing individual hip fracture risk are closely related to the implementation, especially how the fracture risk is defined. In the DXA-based finite element (FE) model implemented by [@bb0115], hip fracture risk is measured by the load-strength ratio (LSR); it is a global risk measurement defined over the whole proximal femur. The clinical study results showed that the discriminative capacity of LSR for hip fracture (AUC = 0.69, 95% CI = 0.64--0.73) was only slightly higher than that of femoral BMD (AUC = 0.66, 95% CI = 0.62--0.71). In our DXA-based FE model, fracture risk was measured by local hip fracture risk indices (HFRI) defined over the three regions of interest (ROI), where the majority of hip fractures have been observed in clinic ([@bb0050]). The discriminative capacity of local HFRI has been considerably improved (AUC = 0.839, 95% CI = 0.787--0.892). The local HFRI is able to eliminate adverse effects from the overlap between the pelvis and the femoral head in the DXA image, the stress concentration at the location where constraints are applied, etc.

The correlations between HFRI and the single risk factors (see [Table 3](#t0015){ref-type="table"}) were used as a base in constructing the expression of NCBT in Eq. [(2)](#fo0010){ref-type="disp-formula"}. A larger NCBT or a lower HFRI represents a lower hip fracture risk. Therefore, all the factors having negative correlation with HFRI are put in the numerator of Eq. [(2)](#fo0010){ref-type="disp-formula"}, while the rest of the factors are in the denominator. The obtained results also confirmed our hypothesis, if NCBT has a stronger correlation with HFRI than aBMD, NCBT is a better indicator of hip fracture risk. The AUC values in [Table 5](#t0025){ref-type="table"} and the mean values in [Table 6](#t0030){ref-type="table"} showed that HFRI has the highest accuracy in discriminating hip fracture, followed by NCBT and then aBMD. By comparing the correlations in [Table 4](#t0020){ref-type="table"} with those in [Table 3](#t0015){ref-type="table"}, it can be found that in general NCBT has a much stronger correlation with the HFRI than any of the single risk factors including aBMD. The highest correlation occurred at the superior side of the narrowest femoral neck, probably due to the special loading condition and the small CBT there, with a determination coefficient of *r*^2^ = 0.81 (*p* \< 0.001), which is much higher than aBMD, *r*^2^ = 0.50 (*p* \< 0.001). NCBT is also a compound predictor, but it only considers the effects of single risk factors in an approximate way based on the correlations revealed by DXA-based finite element simulations. This explains why in discriminating clinical fracture cases (see [Table 5](#t0025){ref-type="table"}, [Table 6](#t0030){ref-type="table"}), HFRI performed the best, followed by NCBT and then aBMD. In the definition of NCBT, see Eq. [(2)](#fo0010){ref-type="disp-formula"}, the product of CBT and aBMD represents the bone quality; BMI approximately characterizes the loading conditions in a lateral fall ([@bb0250]); the femoral neck axial length (FNAL) and the neck-shaft angle (*α*) are related to the femur geometry. Although the femur width may also be considered as a risk factor, results from the correlation studies (see [Table 10](#t0050){ref-type="table"}) showed that femur widths at the three cross-sections are positively correlated to FNAL. Therefore, the effect of femur width on hip fracture risk has been partially represented by FNAL.

The results in [Table 7](#t0035){ref-type="table"}, [Table 8](#t0040){ref-type="table"}, [Table 9](#t0045){ref-type="table"} show that aBMD has the best short-term repeatability, followed by NCBT and then HFRI, they are in a reversed order of their discriminative capacity. As a general rule, a compound parameter usually has lower short-term repeatability than those of the single factors involved. As can be seen from the definition of NCBT in Eq. [(2)](#fo0010){ref-type="disp-formula"}, the short-term repeatability of NCBT is affected by those of the cortical bone thickness (CBT), areal BMD (aBMD), neck-shaft angle (*α*), femoral neck axial length (FNAL), and body mass index (BMI). In the DXA-based FE modeling, even more factors are involved beside those in the NCBT, for example bone mass distribution and finite element mesh density. Therefore, HFRI derived from DXA-based FE model has an even lower short-term repeatability. If both discriminative capacity and short-term repeatability are taken into consideration, NBCT may be an ideal predictor for hip fracture risk.

NCBT can be conveniently integrated into the current clinical procedure with the existing infrastructures in osteoporosis clinic. Among the five parameters required for calculating NCBT, the aBMD and the BMI are already available from the current DXA report; the neck-shaft angle, the CBT and the FNAL can be easily measured from the patient\'s hip DXA by the computer codes developed in this study.

5. Conclusion {#s0025}
=============

With a clinical hip DXA (scanned in the anterior--posterior direction), femur CBT can be estimated from the aBMD profile of the concerned cross-section at the medial (inferior) side and the lateral (superior) side. The accuracy of DXA-derived CBT has been validated by the BIT toolkit included in the QCT Pro software. The validation results showed that there indeed exist some non-trivial differences between the QCT and the DXA-derived CBT. However, the differences are dominated by procedural errors, and thus can be reduced by a calibration procedure. Based on correlations revealed by subject-specific DXA-based FE simulations, a more effective risk predictor, NCBT, has been proposed. Study results using clinical cases showed that NCBT has better discriminative capacity of hip fracture than aBMD, and better short-term repeatability than HFRI. It can be easily adopted into a clinical environment. Therefore, it may be an ideal predictor of hip fracture risk.
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![(a) Hip CTXA projected from QCT scans by QCT Pro; Femur cross-section and the corresponding aBMD profile at (b) the femoral neck (AB), (c) the intertrochanter (CD), and (d) the femoral shaft (EF).](gr1){#f0005}

![Projection of circular composite cross-section of two densities.](gr2){#f0010}

![Determining cortical bone thicknesses using BIT. (a) narrowest femoral neck; (b) intertrochanter; (c) femoral shaft.](gr3){#f0015}

![Sample BIT analysis report of the intertrochanteric cross-section in [Fig. 3](#f0015){ref-type="fig"}(b).](gr4){#f0020}

![The procedure of subject-specific DXA-based FEA. (a) Femur contour segmented from the patient\'s hip DXA; (b) a finite element mesh generated from the contour; (c) assignment of material properties; (d) application of loading/boundary conditions; (e) the three regions of interest (ROI) for assessing hip fracture risk; (f) fracture risk distribution.](gr5){#f0025}

![Bland--Altman plot of QCT and DXA measured cortical bone thicknesses.](gr6){#f0030}

![Correlation between CTXA and QCT-derived cortical bone thicknesses.](gr7){#f0035}

###### 

Statistics of 210 clinical cases.

  Parameters                    Mean (SD)       
  ----------------------------- --------------- ---------------
  Age (years)                   69.2 (3.5)      65.4 (9.3)
  Height (in.)                  63.1 (2.3)      62.7 (2.2)
  Weight (lbs.)                 129.4 (29.7)    144.8 (31.4)
  Femoral neck aBMD (g/cm^2^)   0.712 (0.059)   0.806 (0.147)
  Trochanteric aBMD (g/cm^2^)   0.576 (0.068)   0.669 (0.168)
  Total hip aBMD (g/cm^2^)      0.738 (0.066)   0.843 (0.179)

###### 

Average relative error (*e*, %) between CTXA and QCT-derived cortical bone thickness.

  Femoral neck   Intertrochanter   Shaft   All six locations                 
  -------------- ----------------- ------- ------------------- ------ ------ ------
  5.76           7.95              6.18    8.13                5.03   5.74   6.51

###### 

Correlations between HFRI and risk factors (*r*^2^, *p*-value).

  Fracture risk factors   Cortical bone thickness                              Areal BMD           Body mass index (BMI)   Femoral neck axial length (FNAL)   Neck-shaft angle (*α*)   
  ----------------------- ---------------------------------------------------- ------------------- ----------------------- ---------------------------------- ------------------------ -----------------
  Femoral Neck            − 0.39[a](#tf0005){ref-type="table-fn"} (\< 0.001)   − 0.68 (\< 0.001)   − 0.50 (\< 0.001)       0.32 (\< 0.001)                    0.37 (\< 0.001)          0.34 (\< 0.001)
  Intertrochanter         − 0.36 (\< 0.001)                                    − 0.60 (\< 0.001)   − 0.43 (\< 0.001)       0.27 (\< 0.001)                    0.35 (\< 0.001)          0.28 (\< 0.001)
  Femoral shaft           − 0.35 (\< 0.001)                                    − 0.57 (\< 0.001)   − 0.22 (\< 0.001)       0.25 (\< 0.001)                    0.33 (\< 0.001)          0.31 (\< 0.001)

A negative sign indicates a negative correlation.

###### 

Correlations between hip fracture risk index (HFRI) and normalized cortical bone thickness (NCBT), (*r*^2^, *p*-value).

  ----------------- ------------------- ----------------------------------------------------
  Femoral neck      Inferior            − 0.63[a](#tf0010){ref-type="table-fn"} (\< 0.001)
  Superior          − 0.81 (\< 0.001)   
  Intertrochanter   Medial              − 0.70 (\< 0.001)
  Lateral           − 0.75 (\< 0.001)   
  Femur shaft       Medial              − 0.60 (\< 0.001)
  Lateral           − 0.67 (\< 0.001)   
  ----------------- ------------------- ----------------------------------------------------

A negative sign indicates a negative correlation.

###### 

AUC (95% CI) of aBMD, NCBT and HFRI.

  Hip fracture risk indicator                              AUC        95% CI         
  -------------------------------------------------------- ---------- -------------- --------------
  Femoral neck BMD                                         0.625      0.593--0.657   
  HFRI (at femoral neck) derived from DXA-based FE model   0.839      0.787--0.892   
  NCBT at femoral neck                                     Superior   0.714          0.644--0.784
  Inferior                                                 0.706      0.634--0.778   

###### 

Fracture risk indicators in cases and controls \[Mean (SD)\].

  Fracture risk indicator   60 cases             150 controls    Relative difference (%)   
  ------------------------- -------------------- --------------- ------------------------- ------
                            aBMD                 0.712 (0.084)   0.806 (0.147)             12.4
  CBT                       Superior (mm)        1.881 (0.292)   2.133 (0.373)             12.6
  Inferior (mm)             3.193 (0.544)        3.410 (0.581)   6.6                       
  NCBT                      Superior (10^− 3^)   0.340 (0.079)   0.433 (0.135)             24.1
  Inferior (10^− 3^)        0.573 (0.122)        0.687 (0.204)   18.1                      
                            HFRI                 1.628 (0.357)   1.054 (0.456)             42.8

###### 

Short-term repeatability (CV, %) of areal BMD.

  Femoral neck   Trochanteric region   Proximal femur
  -------------- --------------------- ----------------
  1.22           0.85                  0.64

###### 

Short-term repeatability (CV, %) of NCBT.

  Narrowest femoral neck   Intertrochanter   Femoral shaft                 
  ------------------------ ----------------- --------------- ------ ------ ------
  3.27                     3.41              2.59            2.85   1.93   2.38

###### 

Short-term repeatability (CV, %) of HFRI.

  Femoral neck   Intertrochanteric   Femoral shaft
  -------------- ------------------- ---------------
  3.10           3.94                4.16

###### 

Correlations between femoral neck axis length (FNAL) and femur width (*r*^2^, *p*-value).

                             Femoral neck width   Intertrochanteric width   Subtrochanteric width
  -------------------------- -------------------- ------------------------- -----------------------
  Femoral neck axis length   0.32 (\< 0.001)      0.14 (\< 0.001)           0.17 (\< 0.001)
